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In this review, we focus on heterogeneous, thermotropic liquid crystal (LC) mixtures our group has studied with molecular dynamics (MD)
simulations. Systems considered include: (1) binary LC mixtures, (2) colloidal inclusions in a mesogenic solvent, and (3) confined mesogenic
samples. An extension of the Gay-Berne model is provided to treat the mixtures investigated. Our findings are contextualized to calamitic
and discotic LC systems. Structural properties of the mesogenic solvent are probed using the Maier-Saupe (nematic) order parameter.
Representative snapshots from MD simulations are used to corroborate phase phenomenology. Topological defects are treated in the presence
of colloidal inclusions and in confined samples. The effect of solvent flow on the behavior of topological defects is also assessed. These
LC mixtures are of interest in the area of applied materials: aside from their rich mesophase behavior, these systems provide a promising
platform for molecular self-assembly and organization.
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1. Introduction

In broad terms, soft matter exists as a junction between liquid
and solid phases of matter. Enhanced sensitivity to weak ex-
ternal stimuli has paved the way in applying soft materials to
the development of new technologies and devices, as well as
in uncovering functional design behaviors. For instance, the
presence of competing interactions between different compo-
nents prompts a sharp response in material susceptibilities [1]
even when system conditions change only subtlety. Common
examples of these types of materials include colloids, poly-
mers, surfactants, liquid crystals (LCs), and dispersions [2].
A remarkable property resulting from the interplay of repul-
sive and attractive interactions is the ability of soft matter
to self-organize, with structural order persisting to relatively
large length scales (from angstroms to microns) [3,4]. Mi-
celles, vesicles, fibers, gels, microemulsions, and membranes
are a few examples illustrating the attainable spectrum of ma-
terials and length scales.

A special class of soft matter systems is found in LCs:
these molecular systems possess an underlying anisotropic
molecular core which allows for fluidity of the liquid phase to
exist in concert with long-range order characteristic of solid
materials. This gives LCs the ability to display a variety of
mesophases tunable via thermodynamic state points or sol-

vent conditions. More importantly, LCs are highly sensitive
to changes in their local environment, a trait which has been
the inspiration behind a host of sensors and optoelectronic
technologies.

The ability of LCs to straddle solid and liquid properties
provides a fertile ground for molecular organization. In gen-
eral, a pure mesogenic sample will orient along a preferred
direction given an appropriate thermodynamic state point.
This behavior leads to a so-called bulk nematic director: this
order will persist, subject to small thermal fluctuations, pro-
vided a compatible thermodynamic state point is maintained.
However, this directional tendency is disrupted in the pres-
ence of molecular inclusions, a confining boundary (which
imposes a local field), or an externally applied field. This
break in symmetry is manifested in the LC sample through
disclinations or topological defects. A variety of topological
defects can be produced depending on the nature of the LC,
the type of inclusions, and the thermodynamic state point.

Topological defects brought on by colloidal inclusions
will manifest themselves by surrounding the guest particles.
These defects, in turn, can mutually “communicate” in a way
that they can “escort” colloidal particles into arrangements
yielding self-organized structures. This approach has led the
way into a shift in paradigm, where the solvent is directly in-
volved in the self-assembly process [5-9]. Hence, the solvent
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provides an added layer of control that can widen the gamut
of attainable targets [10-13]. For instance, colloid-induced
disclinations can mutually couple with one another to yield
dimers [14-25], wires (i.e., chains) [8,15,22,26-31], and ar-
rays [8,18-21,23-25,30,32,33]. The variety of metamaterials
can be extended by recruiting solvents to function as active
contributors in the self-assembly process.

In this review, we highlight research from our group in-
volving computer simulations of LCs, with an eye on mix-
tures. Because our studies make use primarily of Molecu-
lar Dynamics (MD) simulations (in both canonicalNVT or
isothermal-isobaricNPT ensembles), it is possible to probe
not only the time evolution of the mesogenic solvent, but also
to capture the relaxation timescales associated with molecu-
lar events leading to symmetry-breaking phenomena. Both
calamitic and discotic mesogens are considered in this work.
After reviewing some essential features of LC phenomenol-
ogy, we summarize the formalism of the coarse-grained rep-
resentation of the Gay-Berne model. We then discuss exten-
sions of the model when treating binary (symmetric) mix-
tures, nematic colloids, nanodroplets, and confined systems.
The ability of these systems to convey structural information
to other units through pattern formation highlights their rele-
vance in hierarchical molecular self-organization.

2. Liquid crystal classification

The discovery of LCs [34] has ushered an important facet
of soft matter systems: the volume of experimental and the-
oretical work is nothing short of impressive [1]. LCs have
stimulated a wide range of device applications. Liquid crys-
tal displays (LCDs) represent one of the many tangible ap-
plications of liquid crystalline phases. Due to their ability
to “bridge” solid and liquid phases, LCs exhibit intermediate

phases not accessible in ordinary, bulk systems. Although
LCs flow like liquids, theyalso possess some characteristic
properties of a crystalline solid within certain thermodynamic
state points. The molecules making up these materials with
unusual phase behavior are denotedmesogens: the various
phases they present are calledmesophases.

For a fruitful discussion on the properties of LCs, it is
important to have a basic understanding of their classifi-
cation and mesophase stability. A simplified classification
scheme is provided in Fig. 1. The stability of mesophases can
be outlined according to an underlying parameter describ-
ing the system: for example, the mesophases identified in
thermotropicsystems are differentiated throughtemperature.
The mesophases observed inlyotropic systems are differen-
tiated throughconcentrationand temperature. These latter
systems encompass a large class of solutions, including aque-
ous solutions of the tobacco mosaic virus [35-37]. A variety
of mesophases exist, including nematic, cholesteric, smectic,
and ferroelectric [38], each with specific physical properties.

The physics of LCs depends on the structure and chemi-
cal composition of the mesogenic molecule. Most LCs are
derived from benzene, and include aromatic rings in their
chemical structure, such as saturated cyclohexane or un-
saturated phenyl, biphenyl, and terphenyl in various com-
binations [38]. According to their molecular form, meso-
gens are classified broadly as being calamitic (prolate) or
discotic (oblate). Calamitic mesogens tend to form smec-
tic mesophases, while discotic mesogens self-organize into
columnar mesophases. The smectic phase exhibits two-
dimensional charge transport while the columns of discotic
mesogens exhibit one-dimensional charge transport [39].

Other mesophases are attainable with molecules possess-
ing a more complex shape, such as bent- or pear-like meso-

FIGURE 1. A simplified classification scheme of liquid crystal systems, based on phase transition parameter and molecular shape. The
thermotropic case is further illustrated in the diagram, outlining features for the ordered phases and the type of mesogen that produces them.
The classification by molecular shape qualitatively highlights the research that has been devoted to each class by means of a pie chart: the
most extensively studied molecular shape is the calamitic mesogen.
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gens [40]. A feature common to all these systems is their un-
derlying anisotropic shape, which promotes the spontaneous
ordering of molecules [41] through entropic constraints.
Molecular self-organization occurring in LC mesophases ex-
emplifies a phase transition of entropic origin. As shown by
Onsager [35,36], the isotropic-nematic transition in infinitely
long and thin rods can be explained as the competition be-
tween translational and rotational entropy.

Mesophases are classified according to the distribution
of orientationsê (i.e., the set of unit molecular vectorse)
and positionsr of the LC molecules. For instance, the ne-
matic phase presents long-range orientational order [37] in
which LC molecules are oriented along a preferred direction
denoted the nematic director̂n, but the centers of mass are
distributed homogeneously as in a conventional liquid. The
degree of orientational order is defined by the Maier-Saupe
order (nematic) parameterS2 obtained by diagonalizing the
orientation tensor,

Q =
1

2N

N∑

i=1

(3 êi ⊗ êi − I) , (1)

where⊗ denotes the tensor product,I is the identity matrix,
andN is the number of mesogens contained in the ensemble.
The diagonalization yieldsS2 = λmax as the largest eigen-
value and the associated normalized eigenvector corresponds
to n̂. An isotropic sample givesS2 = 0, butS2 increases as
the population of molecular orientations aligned with the di-
rectorn̂ increases. The maximum valueS2 = 1 signifies that
all orientations are aligned witĥn in a crystalline-like array.

3. Computer simulations of liquid crystals

3.1. The Gay-Berne mesogenic model

Computer simulations have played a key role in understand-
ing the way molecular features give rise to the complex phase
behavior of LC systems, in part due to the amount of detail
attainable from the data. Even on a coarse-grain level, com-
putational models provide unique insight into phase order and
stability which help inform the development of new experi-
ments or theories. When it comes to mesogenic models, the
Gay-Berne (GB) interaction potential is used widely to study
thermotropic phase transitions in LCs [42,43], and because of
its continuous (as opposed to discrete) representation, it can
be implemented in conventional MD routines.

The GB interaction potential, coupled with computer
simulations, describes the origin of short- and long-range or-
der, phase stability, interfacial properties, and dynamic be-
havior arising from the microscopic structure of a mesogen.
A key feature of the GB potential is the ability to account
for the anisotropy in attractive and repulsive interactions by
generalizing the Lennard-Jones (LJ) potential: the attractive
and repulsive contributions scale asrij

−6 andrij
−12, respec-

tively, whererij is the magnitude of the center-to-center vec-
tor rij . More specifically,rij = |rij |, andrij = ri − rj ,

in which ri andrj are the position vectors of theith andjth
mesogens, respectively. The interaction further depends on
êi andêj , which are the molecular orientations of theith and
jth mesogens, respectively. Each mesogen is represented by
either a prolate or an oblate ellipsoid. The orientation of each
mesogen at any instant in time is defined by a unit vector: in
prolate mesogens, the unit vectorê coincides with the molec-
ular (major) axis, whereas for oblate mesogens,ê is normal
to the oblate face. The mesogen-mesogen potential is given
by

Umm(êi, êj , rij) = 4ε(êi, êj , r̂ij)

×
{[

Ξ(êi, êj , rij)
]−12 − [

Ξ(êi, êj , rij)
]−6

}
, (2)

where the energy scale is tempered byε(êi, êj , r̂ij) and the
length scale of interaction is captured throughΞ(êi, êj , rij).
Two types of anisotropy are present inUmm(êi, êj , rij): one
is related to molecular shape and the other arises from chemi-
cal signatures (i.e., the energy of interaction varies according
to different spatial arrangements). Both types of anisotropy
are accounted for viaε(êi, êj , r̂ij) andΞ(êi, êj , rij).

To define the anisotropic terms, a fully specified function
of a general variableω is introduced,

H(ω) = 1− ω

[
ci

2 + cj
2 − 2 ω ci cj cij

1− ω2 cij
2

]
, (3)

where ci = êi · r̂ij , cj = êj · r̂ij , cij = êi · êj , and
r̂ij = rij/|rij | is the unit (center-to-center) separation vec-
tor. Now,

Ξ(êi, êj , rij) =
rij − σ(êi, êj , r̂ij)− σmin

σmin
, (4)

whereσmin is the shortest contact distance between two meso-
gens. Specializing this to calamitic LCs,σmin is the side-side
[width, thickness] diameterσs, whereas the end-end [length]
diameter isσe. For discotic LCs,σmin is the face-face [width,
thickness] diameterσf , whereas the end-end [length] diame-
ter isσe. Moreover,

σ(êi, êj , r̂ij) = σ0

[
H(ω = χ)

]−1/2
, (5)

whereσ0 is the length scale corresponding to the separation
between mesogens when their molecular orientations are or-
thogonal to the intermolecular vectorrij (i.e., ci = cj = 0).
Outside of this limit configuration, the relative spatial ar-
rangement of mesogens tempers the value ofσ0 via Eq. (3)
and

χ =
κ2 − 1
κ2 + 1

, (6)

which accounts for molecular anisotropy through the aspect
ratio κ. For calamitic systems,κ = σe/σs > 1, whereas for
discotic systems,κ = σf/σe < 1.

The anisotropy in energy scales due to chemical features
is introduced effectively through

ε(êi, êj , r̂ij) = ε0[ε1(êi,êj)]ν [ε2(êi,êj ,r̂ij)]µ , (7)
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whereε0 is the potential energy well depth for two mesogens
orthogonal to one another (i.e., cross configuration) and to the
center-to-center vector (i.e., ci = cj = cij = 0). In addition,
ν andµ control the contribution of the two dimensionless en-
ergy factors,ε1(êi, êj) andε2(êi, êj , r̂ij). In particular,

ε1(êi, êj) =
[
1− χ2 c2

ij

]−1/2
, (8)

controls the parallel alignment of mesogens. The second
term,

ε2(êi, êj , r̂ij) = Γ(ω = χ′), (9)

is defined in terms of Eq. (3), where

χ′ =
(κ′)1/µ − 1
(κ′)1/µ + 1

, (10)

depends on the energy anisotropy parameterκ′. In an analo-
gous manner to the molecular aspect ratio, for calamitic sys-
tems,κ′ = εs/εe > 1 favors the formation of smectic phases
(εs being the energy well depth for the side-side configura-
tion andεe the well depth for the end-end configuration). For
discotics,κ′ = εf/εe < 1 favors the formation of colum-
nar phases (εf being the energy well depth for the face-face
configuration andεe the well depth for the end-end config-
uration). Physically,κ′ describes the anisotropy in charge
distribution on the mesogenic molecule. Whenκ′ = 1, the
charge distribution is homogeneous and there is no preferred
interaction. For cases whereκ′ 6= 1, a nonuniform charge
distribution leads to the characteristic mesophases previously
discussed.

By convention, different parameterizations are summa-
rized by listing them in the form GB(κ, κ′, µ, ν), each pa-
rameter defining anisotropic contributions to the interac-
tion energy. Although many GB parameterizations are
possible, only a limited number has been studied [44-
47]. Computer simulations [43,46,48-50] and theoreti-
cal studies [51,52] have focused on several aspects of LC
phase behavior using the GB representation, which repro-
duces with sufficient accuracy much of the associated phe-
nomenology [53]. A frequently cited parameterization for a
thermotropic calamitic is GB(3.0, 5.0, 2, 1), originally con-
structed to mimic anisotropic interactions in an equiva-
lent linear-site LJ potential [53], though this system is not
unique [46,47].

The GB(4.4, 20.0, 1.0, 1.0) parameterization is inspired
by a real chemical system to model the mesogenic domain of
p-terphenyl. Studies have focused on phase behavior [46],
pair distribution functions [46], rotational dynamics [54],
structure of various phases, and calculations of X-ray scat-
tering patterns [55] for this parameterization. On the other
hand, many experimental studies have focused on character-
izing the general behavior of the 4-cyano-4′-pentylbiphenyl
(5CB) mesogen. The parameterization most studied and most
similar to the 5CB mesogen is GB(3.0, 5.0, 2, 1): the interac-
tion potential is shown in Fig. 2.

In this review, the GB(3.0, 5.0, 2, 1) and GB(4.4, 20.0, 1,
1) mesogens were selected to model calamitics: not only are

FIGURE 2. The Gay-Berne interaction potentialUGB(r) for char-
acteristic configurations of the calamitic (prolate) mesogen system,
GB(3.0, 5.0, 2, 1). Shown are side-side (black line), cross (green
dotted line), tee (blue line), and end-end (red line) arrangements.
In practice, the potential takes all configurations between the side-
side and end-end limiting cases. Molecular schematics are shown
near each well (by color) for easy identification. The intermesogen
separation has been normalized such thatr∗ = r/σ0.

these models the basis of previous work, but they capture LC
phases to varying extents. For example, the GB(3.0, 5.0, 2,
1) parameterization cannot describe a smectic A phase, while
the smectic B phase obtained with this model is purportedly
a solid phase [50]. Prior simulation studies suggest that the
smectic B phase is not very sensitive to GB parameteriza-
tions, but the formation of the smectic A phase requires a
sufficiently large aspect ratioκ [44,46,56,57]. Asκ increases,
so does the smectic A region of the phase diagram; however,
the region is bounded at high and low temperatures [56]. The
GB(4.4, 20.0, 1, 1) parameterization was employed to study
translational self-diffusion in nematic, smectic A, and smec-
tic B phases [46,58].

A generalization of the GB potential proposed by Cleaver
and coworkers [59] considers interactions between molecular
units with different aspect ratio: this approach is equivalent
to taking two identical ellipsoidal units of cylindrical symme-
try, scaled by length and width factors. These extra factors
have no restrictions and enable the modeling of interactions
between calamitic mesogens with small or large variations
in length, between calamitic and discotic LCs, or between
mesogenic and spherical particles. This construct allows one
to model a variety of LC mixtures via computer simulations.

3.2. Liquid crystal mixtures

Current technological applications of LCs primarily involve
multi-component mixtures [60,61]. When it comes to formu-
lating LC mixtures with specific characteristics, the task is
more a black-box process rather than a science at all. In many
cases, devices that use LC-based properties are mixtures of
at least twenty components. Despite this highly involved ap-
proach, desired features are achieved only with great diffi-
culty. If equivalent features can be obtained with a mixture

Rev. Mex. Fis.68050101



BEYOND BULK GAY-BERNE FLUIDS: AN OUTLOOK ON MESOGENIC MIXTURES. . . 5

of only a few components, it would be consequential in terms
of chemical synthesis and technological implementation. To
this end, a good understanding of the relationship between
molecular characteristics and macroscopic properties (e.g.,
phase stability, elastic constants, dielectric constants, viscos-
ity, etc.) becomes necessary. Many pure LCs have a narrow
temperature region in which the nematic phase is stable. For
instance, the nematic region is sought after in practical ap-
plications for temperature ranges as wide as possible so that
optoelectronic devices remain stable, even under extreme op-
erating conditions. Therefore, it is desirable to have a plat-
form whereby combining different materials still preserves
the properties of their corresponding pure states. When com-
pared to their pure counterparts, mixtures have richer phase
behavior.

Until recently, simulations with the GB potential had
been restricted to single-component systems. The main
reason for this limitation lies in the original form of the
GB potential, which can only describe interactions between
molecules of the same type. As noted earlier in the litera-
ture [62,63], using the GB potential with Lorentz-Berthelot
combination rules as a first approximation is not entirely ap-
propriate for anisotropic molecules. More specifically, the
so-called “mixing rules” do not differentiate between tee con-
figurations involving different mesogenic cores,i.e., AB in-
teractions are not the same as BA interactions. This discrep-
ancy is not too problematic for molecules of similar size,
where parallel molecular configurations are dominant over
the tee configuration. Therefore, the GB potential must be
modified to consider interactions between molecules of dif-
ferent geometric shapes (e.g., prolate versus oblate) in multi-
component systems. Such a formulation was carried out by
Cleaver [59], in which the interactions between particles of
different geometry were taken into account. The interaction
potential for a binary LC system is shown in Fig. 3.

We report here unpublished results from our group ob-
tained for an equimolar binary mixture using the generalized

FIGURE 3. The interaction potential for a symmetric binary mix-
ture. Curves are colored to match molecular schematics, except that
black curves correspond to mixed (i.e., AB and BA) cases. The in-
termesogen separation has been normalized as in Fig. 2.

FIGURE 4. Temperature dependence of the Maier-SaupeS2 order
parameter for a 50:50 (symmetrical) mixture of calamitic mesogens
(black squares). The mixture consists of mesogens withκ = 4.2
(blue circles, pure A sample) andκ = 3.0 (red circles, pure B sam-
ple). Lines through the symbols serve as a guide to the eye. Error
bars are shown as green riser lines.

GB potential. Two cases of the aspect ratioκ were consid-
ered in this study: 4.2:1.0 and 3.0:1.0 for A and B species,
respectively. Studies were carried out in theNPT ensemble
using MD simulations. Moreover, the modified exponents
µ = 1 andν = 2 were used in the generalized GB poten-
tial. In Fig. 4, we present the behavior of the nematic or-
der parameterS2 as a function of temperature for the mix-
ture and the corresponding pure components. Temperature
ranges in which different orientational phases are stable in the
system can be easily identified by inspecting the response in
S2. We invite the reader to review our prior work [14,64-68]
for examples illustrating the use of reduced variables to map
mesogenic models to experimental systems; additionally, the
reader can take note of typical simulation run parameters and
the MD methodology used to obtain equilibrium data.

As κ of a pure sample increases, so does the transi-
tion temperature associated with ordered phases, a feature
gleaned from Fig. 4. This is a well-known observation [56]
rationalized by the fact that the attractive part of the GB po-
tential deepens (becoming more favorable energetically) asκ
increases. Because we study equimolar mixtures, the tem-
perature range in which ordered phases appear is located be-
tween those of the pure species. The most interesting be-
havior in mixtures, however, is that the temperature range
in which ordered phases are stableis significantly widened
when compared to the temperature range of the pure com-
ponents, in agreement with experiments [69]. This poten-
tially broadens LC-based applications by alleviating the need
for stringent temperature requirements to attain desirable
mesophases.

3.3. Nematic colloids

Nematic colloids are systems in whichguestcolloids are
suspended or immersed in an orientedhost mesogenic sol-
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vent. Due to the anisotropy of elastic interactions, these
systems produce topological defects with captivating self-
organizing properties [13,70-72]. A topological defect will
emerge in a region where a discontinuity occurs in the bulk
orientation of the mesogenic fluid [1,73]. Experimental tech-
niques, such as optical tweezers, have enabled the observa-
tion of self-assembled structures in these systems [8,74,75].
Topological defects and their associated thermodynamic state
points are relevant in many technologies, such as flexible
screens [76], photonic displays [77], and bistable cholesteric
screens [78]. Increased interest in the ability to control de-
fects within LC media lies in advancing strategies for molec-
ular self-organization and designed materials. Topological
defects cooperatively provide a patterning platform to direct
colloidal assembly into specific geometries through elastic
interactions [6,79-83].

Structural scaffolds are possible using nematic colloids
through the colloid-mesogen (CM) interaction. Although the
energy contribution can be attractive or repulsive, elastic de-
fects appear in either scenario. The colloid acts as an obsta-
cle that interrupts the orientational order of the nematic fluid
when the CM interaction is repulsive. On the other hand, two
limiting anchoring modes (planar and homeotropic) are pos-
sible when the CM interaction is attractive, thus generating a
characteristic defect. As a result, the dynamical properties of
this complex system depend on the type of anchoring.

The orientational order in a nematic fluid corresponds to
a vector field of mesogens making up the LC medium. More
specifically, the ensemble of molecular orientations in the
mesogenic fluid creates the nematic field. Simulations and
experiments show that the attractive CM interaction in the
vicinity and on the surface of a colloid has a stronger effect
than the local energy of the nematic field. This causes the
mesogenic cores to change their orientation near the colloid
and break the rotational invariance of the medium. It is im-
portant to note that, unlike a conventional vector field, the
pointing direction of the nematic director is indistinguish-

FIGURE 5. Colloidal inclusions immersed in a liquid-crystalline
solvent induce topological defects. The defect observed (red) de-
pends on how the mesogens (represented by their molecular ori-
entation vectors as single-headed arrows) anchor onto the colloid
surface. a) Planar anchoring leads to coupled point defects known
asboojums. b) Homeotropic anchoring leads to an annular defect
known as theSaturn ring. Bulk orientational order is shown by
the gray streaks in the background. The blue double-headed arrow
highlights the equivalence of the system for the nematic director,
i.e., n̂ = −n̂.

able, i.e., n̂ = −n̂, due to the underlying rotational invari-
ance of the fluid [1].

Both system temperature and size of colloidal particles
affect the type of topological defects observed. For instance,
homeotropic anchoring can lead to a hyperbolic hedgehog-
like defect or aSaturn ringaround the colloid [74,84]. On
the other hand, planar anchoring leads to the distortion of the
nematic phase at two points on the colloidal surface, along
the direction of the nematic field: this defect is commonly
known asboojums. These cases are summarized in Fig. 5.
Interactions between colloids and mesogenic particles leads
to the formation of defects in the vicinity of each colloid. The
self-assembly ofguestcolloidal particles in ahostmesogenic
solvent results from energy minimization of the system by
reducing the volume in which orientational disruptions (i.e.,
defects) occur. Studies of suspended particles in nematic LCs
show that the interaction energy involved in the assembly of
micrometer-sized particles is of the order of several hundred
kBT , wherekB is the Boltzmann constant andT is the ab-
solute temperature. Consequently, self-assembled structures
formed through the interaction between topological defects
are highly stable [8,85,86].

3.4. Modeling colloidal inclusions in a mesogenic solvent

To describe the interaction between colloidal inclusions and
mesogenic units, we use a modification of the LJ potential de-
veloped by Cleaver and Antypov [87]. Molecular anisotropy
is introduced via contributions analogous to those described
by Eqs. (5) and (7). As before, the shape anisotropy takes into
account the shape and size of interacting particles, the ori-
entations of mesogenic units, and the interparticle distances.
The energy anisotropy is responsible for favoring certain con-
figurations by promoting different anchoring types through
differences in potential well depths.

The evolution of solid, rigid colloids immersed in a
fluid of n mesogens with coordinates{r}1,n = {r1(t),
r2(t), . . . , rn(t)} and orientations{ê}1,n = {ê1(t),
ê2(t), . . . , ên(t)} is captured by the total interaction energy,

U = Umm + Ucm + Ucc, (11)

where mesogen-mesogen contributions are accounted for by
Umm, colloid-mesogen contributions byUcm, and colloid-
colloid contributions byUcc. Note thatUmm is a function
of all positions and orientations of then mesogens. On the
other hand,Ucm depends on the positions and orientations of
the mesogens, as well as the positions of the colloidal inclu-
sions.

To represent this system mathematically, we use Eq. (2)
for Umm. ForUcm, the extended LJ representation for spheri-
cal and anisotropic particles is used [88]:

Rev. Mex. Fis.68050101
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Ucm(r̂ij , êj) = εcm(êj , r̂ij)

{
1
45

[
ζ(êj , r̂ij)

]−9

− 1
6
[
ζ(êj , r̂ij)

]−3 − σ0

4 rij

(
1
10

[
ζ(êj , r̂ij)

]−8

− [
ζ(êj , r̂ij)

]−2
)}

, (12)

where

ζ(êj , r̂ij) =
dij − σcm(êj , r̂ij) + σ0

σ0
, (13)

anddij = rij − R is the relative separation between the sur-
face of the colloid of radiusR located at positionri and the
center of mass of a mesogen at positionrj with orientation
êj . Now, rij = |ri − rj | is the relative distance between the
centers of mass of the two interacting particles. The distance
ζ(êj , r̂ij) is analogous toΞ(êi, êj , rij) in Eq. (4).

Anisotropic contributions are taken into account through
energy and length scale functions defined as

εcm(êj , r̂ij) = ε0

[
1− χ′′

1− χ′′ sin(θ)

]µ

, (14)

and

σcm(êj , r̂ij) = σ0

[
1− χ sin(θ)

1− χ

]1/2

, (15)

with

sin(θ) =
√

1− cos2(θ) =
√

1− (r̂ij · êj)2 , (16)

and

χ′′ = 1− (κ′′)
1
µ , (17)

where

κ′′ =
εh

εp
, (18)

is the ratio of well depths between homeotropic(εh) and pla-
nar (εp) anchoring. The effect of varyingκ′′ is as follows:
if κ′′ = 1, both planar and homeotropic arrangements are
equally favored. Homeotropic anchoring is favored when
κ′′ > 1, whereas planar anchoring is favored whenκ′′ < 1.
The latter case is depicted in Fig. 6; the potential varies as the
mesogen changes its orientation relative to the colloid.

The contribution forUcc is accounted for in our model
through a soft, repulsive contribution (refer to our previously
published study for details on the mathematical form of this
term [14]). By suppressing attractions from a colloid-colloid
potential well, it becomes possible to uncover effective inter-
actions mediated solely by topological defects.

FIGURE 6. The colloid-mesogen interaction potentialUcm(r) when
planar anchoring is favored (κ′′ < 1). Highlighted are a few
cases of the relative orientation between the mesogen and the col-
loid. In practice, the interaction is accounted for through a continu-
ous sweep based on the instantaneous colloid-mesogen orientation.
Length scales have been normalized as in Fig. 2.

3.5. Topological defects due to colloidal inclusions

Many nematic colloidal systems have been investigated with
the model presented in Sec. 3.4. The most studied example
consists of a colloid with homeotropic anchoring in a matrix
of calamitic mesogens. Experimental studies have charac-
terized the general behavior of the 5CB mesogen, and most
computational work has resorted to the GB(3.0, 5.0, 2, 1)

FIGURE 7. Equilibrium configurations of a colloidal inclusion
(white sphere) immersed in the GB(3.0, 5.0, 2, 1) calamitic sol-
vent. Mesogen colors denote orientation. Planar anchoring leads
to a boojum: a) cross-section snapshot, and b) color map of the lo-
calS2 parameter. Homeotropic anchoring leads to a Saturn ring: c)
as in a) and d) as in b), respectively. Note that in c), the major axis
of most mesogens in bulk regions points at the reader. The color
bar characterizesS2 within a local region on the color map.
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FIGURE 8. As in Fig. 7, but for the GB(0.345, 0.2, 2, 1) discotic
solvent. Planar anchoring leads to a boojum [Panels a) and b)],
whereas homeotropic anchoring leads to a Saturn ring [Panels c)
and d)].

parameterization for this purpose (as previously discussed in
Sec. 3.1).

Topological defects on colloidal inclusions are illustrated
in Figs. 7 and 8, where a cross-section of a simulation snap-
shot is shown alongside a color map of the local order param-
eter in the same plane, for homeotropic and planar anchor-
ing. The calamitic GB(3.0, 5.0, 2, 1) and discotic GB(0.345,
0.2, 1, 2) systems [14,64] are shown for the two limiting an-
choring cases: planar (top panels) and homeotropic (bottom
panels). The radius of the colloid was chosen to span two
to three mesogenic units (along the longest mesoden dimen-
sion). In both cases, mesogens adopt an orientation consis-
tent with the bulk immediately beyond the mesogen shell on
the colloid surface. The local order parameterS2,loc in the
bulk ranges between 0.5 to 0.8, corresponding to the nematic
phase. The defects observed near the colloid surface depend
on the type of anchoring: planar anchoring leads to boo-
jums and homeotropic anchoring leads to a Saturn ring. The
qualitative equivalence of defects for each type of anchoring
stems from the fact that similar orientational distortions of
the medium arise on the colloid surface.

Computational studies show that colloidal diffusion has a
marked dependence on anchoring. For example, homeotropic
anchoring produces a larger hydrodynamic radius (i.e., the
mesogens extend further out from the colloid surface), which
in turn reduces the diffusion of colloids when compared to
parallel or no anchoring [64]. Thus, “programmed an-
choring” can modulate system dynamics without requiring a
change in colloidal particle size. This avenue is of particular
interest in cases where spatial requirements must be satisfied
in confined systems, such as those encountered in LC-based
devices.

3.6. Interactions mediated by topological defects

This section focuses on theinteraction between topologi-
cal defects on guest colloidal inclusions immersed in a host
mesogenic solvent. Specifically, we probe how topological
defects “communicate” within the medium to induce col-
loidal arrangements. We previously reported results for a
variety of system conditions [14]. Here, we focus on the sys-
tem in which the distance between colloidal surfacesR12 is
approximately1.7(±0.2)σe.

The ability of defects to interact with one another leads
to solvent-mediated self-organization of an ensemble of col-
loids. Several factors influence the defect type observed be-
tween colloids in the nematic solvent. One of these factors is
the relative arrangement of colloids within the nematic field.
Let R12 be the vector joining the centers of mass of two col-
loids. The defects observed will depend on the angle between
the nematic director̂n andR12. Limiting cases occur for
0 and π/2 due to the cylindrical symmetry of the nematic
field. Moreover, arrangements for0 andπ are equivalent (i.e.,
n̂ = −n̂). Shown in Figs. 9 and 10 are the defects that result

FIGURE 9. A pair of colloids immersed in the GB(0.345, 0.2, 2,
1) discotic solvent. Mesogens are colored according to orientation.
Shown is homeotropic anchoring, with the intercolloid vector par-
allel to the nematic director: a) a simulation snapshot, b) surface
view of the topological defect, and c) the local nematic director
field.
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FIGURE 10. As in Fig. 9, but with the intercolloid vector perpen-
dicular to the nematic director.

with homeotropic anchoring when̂n andR12 are parallel and
perpendicular, respectively.

As mentioned previously, LC solvent-mediated colloidal
structures are driven to minimize energy penalties in the sys-
tem. The Saturn ring formation for the parallel arrangement
between̂n andR12 was a novel finding for the discotic sys-
tem since most studies have focused on the analogous per-
pendicular arrangement. However, the slanted disposition of
boojum defects has been previously observed in calamitic
systems [22,29,72,82,89-93]. The quadrupolar interactions
mediated by topological defects in either Saturn rings or boo-
jums favor zigzag or chain-like aggregates by displaying a
spatial offset from the intercolloid vector, as shown in Fig. 9.
This allows the system to minimize energy by reducing the
volume of the distorted region from the director [90]. Time
trajectories our from MD simulations suggest that the shape
and slant of the Saturn rings are persistent. However, despite
transient fusion in the intercolloid region, complete fusion of
the Saturn rings is never observed.

When n̂ and R12 are perpendicular, a triad of Saturn
rings is observed as shown in Fig. 10. Here, one of the
rings emerges between the colloids in a way that the anchor-
ing prompts a local domain oriented along the intercolloid
vectorR12, but perpendicular to the nematic director of the
sample. The local order of the field persists by forming a
Saturn ring disclination, consistent with previous simulation
studies and dynamic field theory [94]. Additionally, topo-

logical analysis on entangled dimers in chiral nematics es-
tablishes several disclination arrangements in which the cen-
tral disclination ring is located in the spatial region adjoin-
ing the colloids [10,22,23,25,95]. In this scenario, mesogenic
units align abruptly with the bulk director instead of doing so
along the intercolloid vectorR12. In our studies, this con-
figuration has characteristic solvent fluctuations but is stable
at all times, displaying an interconnected structure of Saturn
rings. This observation is of interest because theoretical [96]
and simulation [97-99] studies on calamitic mesogens have
suggested that the stability of the Saturn ring triad may be
metastable or induced by confinement. Although finite-size
effects may be operative in these samples, it is still exper-
imentally relevant since many LC-based applications have
spatial design constraints.

The previous discussion on the interaction of topological
defects underscores the importance that MD simulations have
in clarifying their stability and temporal evolution in LC sys-
tems. For example, the ability to distinguish features which
are dynamically stable (albeit fluctuating) from those that
have a short relaxation time is useful in strategically choos-
ing LC systems destined for assembled superstructures. The
elastic interactions can be measured and then used to identify
candidate systems with adequate chemical interactions that
satisfy required spatial and strength thresholds.

3.7. Topological Defects Under Flow

The study of rheological properties and the effects of flow
on mesophase structure and morphology is involved because
such properties not only depend on molecular form and size,
but also on temperature and direction relative to the phase di-
rector. These properties are of prime interest because many
LC states of matter are coupled with rheological and optical
properties characteristic of liquid and/or crystalline phases.
Thus, although they possess the ability to flow like ordinary
liquids, LCs remain sufficiently structured while doing so,
to the extent that X-ray diffraction and polarized light trans-
mission are attainable experimental probes. Polarized optical
microscopy enables the identification of mesophases present
in an LC sample [100-110].

To address systems under flow, we envision a colloidal
particle subjected to a fluidic stream of the mesogenic sol-
vent moving at a flow speedv. A colloidal particle of radius
R is submerged in a rectangular stream with a square cross-
section. This configuration allows to trace how topological
defects respond as flow speed varies. The extent to which
the director field is distorted under flow is commonly quan-
tified by the dimensionless Ericksen number,Er = γvR/K,
which defines the ratio of theviscous forceprompted by the
rotational viscosityγ of the LC medium (asγv/R2) to the
static forcearising from the medium through the Frank elas-
tic constantK (asK/R3) [111-113].

Qualitatively, there are three regimes forEr that can be
used to classify the extent of defect distortions. Consider a
colloidal particle and its associated topological defect. For
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FIGURE 11. The displacement of a topological defect under flow
for a colloidal particle (white sphere) immersed in the GB(0.345,
0.2, 1, 2) discotic solvent. Mesogen colors denote orientation.
Shown is a snapshot (left panels) and the corresponding visual
highlight of the distorted topological defect (right panels) for a) pla-
nar and b) homeotropic anchoring. The direction of solvent flow is
indicated by the arrow.

sufficiently low values ofEr (i.e., those arising from lowv),
defects will preserve their position and shape. AsEr in-
creases, defects will be displaced from their average position
on colloidal particles. Now, ifEr is sufficiently large, de-
fects will detach completely from colloidal particles and van-
ish altogether [114]. Computational and theoretical studies
on calamitic systems show that for sufficiently largeEr, de-
fects are displaced downstream of solvent flow [115-120], al-
though this does not appear to apply in all cases [85,111,121].

In this review, we focus on exploring the behavior of
topological defects under flow but for a discotic solvent,
and more specifically, the GB(0.345, 0.2, 1, 2) discogen.
We summarize our new findings in Fig. 11 for planar and
homeotropic anchoring for moderateEr. Consistent with
previous results for calamitic systems [21,115,116,118,121-
125], topological defects are displaced downstream. At first
glance, such a displacement is physically intuitive. How-
ever, upstream defect displacements have also been observed
under specific conditions [85,111,121], suggesting that such
phenomenology is more involved. A striking observation for
our discotic system is that the boojum defect (which would
be colinear with solvent flow) distorts into a trailing stomal
defect [refer to Panel(a) in Fig. 11]. This is a stark departure
from the conventional lobal displacement of boojum defects
observed in calamitic systems [115,116]. The downstream
displacement of the Saturn ring is consistent with prior find-
ings [115,116]. A future publication by the authors of this
review will focus on a study of similar discotic systems un-
der flow.

Observing the response of anchored LCs and the evo-
lution of topological defects under flow, as pursued in this
preliminary study, establishes an important connection be-
tween experimental phenomenology and theoretical predic-
tions. However, the quantification of the anchoring force

a mesogenic unit experiences on the surface of a colloidal
particle remains a challenging experimental feat. Difficulties
aside, such force measurements are crucial to the prediction
of defect types and aggregate structures in mesogenic suspen-
sions. Additional model systems and flow conditions using
MD simulations will be pursued in our group to characterize
non-equilibrium forces for shear-induced molecular assem-
bly.

3.8. Liquid crystals and confining substrates

The next area of focus lies in the spatial confinement of LC
samples. Under these conditions, the ordering of mesogens is
highly sensitive to the interactions at a confining boundary or
an interface. For instance, a local disruption in LC order can
be driven by a molecular-level perturbation (i.e., a transient
temperature change), by the interaction of mesogens with
surface molecules, or in response to an externally applied
field. A nanoscopic disruption can be magnified via “trans-
mission” of orientational disorder to an observable macro-
scopic scale. For this reason, changes in LC orientational
order caused by the presence of lipids, surfactants, proteins,
and viruses [126,127] can be readily detected. Sensors and
detectors with nanoscale resolution have been designed us-
ing LC-based platforms [128].

Potentially useful mesophases that can “transmit” local
orientational perturbations include the isotropic, nematic,
smectic, cholesteric, and columnar phases [1]. The ability of
LCs to achieve desirable mesophases depends on the shape
and aspect ratio of the mesogens. For example, phase dia-
grams of two LC fluids with parameterizations GB(3.0, 5.0,
1, 2) and GB(2.0, 5.0, 1, 2) exhibit isotropic, nematic, and
smectic B phases [65]. Theκ = 3.0 mesogen also displays a
smectic A phase: the physical basis for this last observation
is that molecular elongation leads to more favorable interac-
tions to support ordered phases at higher temperatures and
lower densities when compared to theκ = 2.0 mesogen.

When confinement is reduced to nearly nanoscale ar-
rangements, the resulting local perturbations are detectable
by LC systems due to their high sensitivity. Considering a
sample confined between walls, distortions arising at the in-
terface can transmit structural information from the surface
toward the bulk. The effectiveness of the transmission will
depend on the thermodynamic state point, the type of meso-
genic unit, the transmission length scale (i.e., bulk depth),
and the strength of the wall-mesogen coupling [65].

In a previous report, we considered the ordering effect of
a smooth, structureless wall [65] with planar anchoring only.
When the wall-mesogen coupling strength exceeds a thresh-
old, fluid stratification near the wall extends toward the bulk
region of the slab, an effect that decays with distance for the
κ = 2.0 mesogen [65]. Although stratification is not an im-
portant effect in theκ = 3.0 mesogen, if the wall coupling
strength is sufficiently strong, smectization is observed [65].
Additionally, the isotropic-nematic transition shifts to lower
temperatures when the wall-mesogen interaction is strong.
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FIGURE 12. A calamitic sample confined between two substrates.
The substrate wall exerts planar anchoring in a) and homeotropic
anchoring in b). A concentration-dependent case c) leads to con-
centration fluctuations of wall particles and competing anchoring
modes. Domains of wall particles in c) probe the local arrange-
ment of the confined LC sample.

Although important insights from theoretical formalisms
aid rationalizing certain LC phase behaviors [129-132], the
need to suppress density fluctuations and spatial disorder for
tractability can lead to difficulties in describing microscopic
interactions [133] responsible for interfacial structures [134].
Interfacial forces from the confining wall can drive specific
molecular assemblies. These possibilities may be explored
directly with computer simulations by relaxing simplifica-
tions and using physically relevant interaction potentials.

We extended the confined calamitic model [65] to include
microscopic detail for the confining walls. In this enhanced
representation, the boundary consists of LJ particles tuned

to prompt planar or homeotropic anchoring. An interesting
variation is a wall made by mixing homeotropic- and planar-
anchoring particles. Here, concentration is an additional pa-
rameter so we refer to this as the “concentration-dependent”
scenario. All three scenarios are shown in Fig. 12. The
concentration-dependent case is important because local do-
mains within the boundary can be followed as the system
minimizes its energy given competing anchoring types.

Our enhanced model for confined substrates makes it pos-
sible to explore how phase transitions shift when compared to
the bulk, based on the type of anchoring used. This issue is of
interest in thermotropic LC systems limited by extreme oper-
ating conditions. Equally important is a systematic study on
how spatial ordering, with a detailed microscopic description
of the boundary, is conveyed from the boundary to the bulk.
An ongoing study in our group is centered on identifying op-
timal length scales for the transmission of orientational order
from the boundary to the bulk region of the slab.

3.9. Liquid crystal droplets

Another paradigm for confinement consists of LC droplets.
Here, the mesogenic fluid is contained in a spherical cavity
defined by LJ particles. Confinement imposes spatial and
orientational constraints on the LC sample. Boundaries used
to confine samples not only induce surface effects, but they
can also be recruited to transmit information into the bulk,
far from the confining wall [135]. The rich response of the
underlying mesophases is evident through changes involv-
ing temperature (thermotropic LCs), density (lyotropic LCs),
external fields [136] (electric, magnetic, or hydrodynamic
flux), and spatial constraints [137]. Confined LC samples
experience a disruption of the underlying mesophase sym-
metry compared to the bulk. Examples of these systems in-
clude cells [86,138], spherical droplets [67], and cylindrical
pores [67,139]. Studying the response of the nematic field to
confinement, for example, is essential for developing a host
of applications, such as those connected to screen [140] and
sensor [141] technologies.

The interplay between long-range elastic energy and sur-
face energy is an important contribution to consider in con-
fined systems. Previous experimental, theoretical, and com-
putational studies on confined systems include planar ge-
ometries [142-144] with blue phases [145], colloidal inclu-
sions [10,23], spherical droplets [146,147], and cylindrical
cavities [148,149]. Some LC configurations, such as the ra-
dially twisted-axial and axially-twisted planar bipolar have
been reported [149]. These theoretical studies shed light
on the conditions favoring specific phases in terms of spa-
tial metrics and energy parameters (i.e., Frank elastic con-
stants) [150,151]. On another front, Xu and Crooker [152]
have focused on chiral nematic microdroplets with paral-
lel surface anchoring using polarized microscopy: they re-
port a phase stability diagram in radii and intrinsic pitch
space, where twisted bipolar and Frank-Pryce structure re-
gions emerge. Vanzo and coworkers [153] used MD simula-
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FIGURE 13. Contributions to the interaction potential for droplets,
denotedUdrop(r

∗). Implicit are interactions between mesogens,
droplet-boundary particles, and cross interactions. Shown are
UGB(r

∗) (black curves) andUcm(r∗) (red curve) with molecular
schematics as a guide. Intermolecular length scales are normalized
byσ0. The inset shows the droplet model: calamitic mesogens have
a widthσ0 and a lengthκσ0. The droplet boundary consists of LJ
particles of diameterσ0. The droplets have a radiusR.

FIGURE 14. Snapshot cross-sections of LC droplets. Mesogen
colors denote molecular orientation. Droplet surface color denotes
composition: water (green spheres) or surfactant (red spheres).
a) A bipolar defect emerges in the absence of surfactant. b) A ra-
dial defect appears when the droplet surface consists of surfactant
only. Cases for different surfactant concentrations are reported in a
previous study [66].

tions to study freely suspended GB nanodroplets, which ex-
hibit chiral ordering and form ellipsoidal droplets. These au-
thors also found that varying the size of the nanodroplets re-
sults in spontaneous symmetry-breaking of the surface bipo-
lar director, yielding a twisted pattern.

Our LC nanodroplet system consists of a spherical droplet
boundary formed from LJ particles taking the place of sur-
factant or solvent particles and an LC interior of calamitic
mesogens, as shown in Fig. 13. The particles making up
the droplet boundary are restricted to move only on the sur-
face of the droplet of fixed radiusR [154]. Mesogens inter-
act via a modified GB potential [53,68,155,156]. This mix-
ture gives rise to three types of interactions: LJ-LJ (surface-
surface), GB-GB (bulk-bulk), and GB-LJ (bulk-surface an-
choring) types. Shown in Fig. 14 are sample configurations
when the droplet surface is purely water-based or surfactant-
based from our previously published work [67]. Spatial con-

straints imposed by the geometry of the droplet prompt the
formation of topological defects within the LC core driven
by the anchoring mode: a bipolar defect is observed with pla-
nar anchoring (surfactant boundary), whereas a radial defect
is evident with homeotropic anchoring (solvent boundary).
Patterned surfaces are also possible by using water-surfactant
mixtures for the droplet boundary, the results of which are re-
ported elsewhere [67].

An application of these mixtures is the preparation of pat-
terned surfaces by varying the ratio between solvent and sur-
factant comprising the nanodroplet wall. This approach has
been studied by probing “interfacial templates” on a nan-
odroplet surface emerging from the underlying anisotropic
fluid [67]. These templates can produce superstructures by
adding multiple “building blocks” together [157]: once a
set of nanodroplets have latched via nanodroplet interfa-
cial events, this “block” can then add to another “block”,
and so forth. Geometrical requirements can be programmed
by functionalizing surfactant molecules comprising the nan-
odroplet interface. Fine-tuning structures attained by chemi-
cal functionalization is another tool available for synthesizing
self-assembled structures via hierarchical self-assembly.

3.10. Dimensionality and confined liquid crystal sam-
ples

A host of applications in our everyday experience, includ-
ing displays, biosensors, and electro-optical devices func-
tion via LC mesophases. Although much research has fo-
cused on mesophase appearance, stability, and behavior in
three-dimensional (3D) samples, there is renewed interest
in two-dimensional (2D) analogs. Not only are 2D plat-
forms of interest in LC-sensitive films, but confinement (even
quasi-confinement) in 2D induces phase changes due to large
fluctuations in systems of reduced dimension [66,158,159].
These 2D systems allow access to features not easily extrap-
olated to or nonexistent in their 3D counterparts.

Applications of 2D systems are also relevant from a
materials design perspective. For example, mixtures of
mesophases with nanocrystals in 2D layers have been used to
create structures [160-162]. For these and other applications,
the mesophases present and the entropic forces acting on the
anisotropic particles are issues to consider in their develop-
ment [163-166]. Dynamical features are also often more pro-
nounced, leading in some cases to the implementation of both
switching technology and hierarchical (slab-based) synthesis
of superstructures [66].

Recently, we reported our findings on the formation of
topological defects in a 2D mesogenic system confined in dif-
ferent geometries [66]. Here, we focus on a circular boundary
consisting of LJ particles. In our study, homeotropic or planar
anchoring is possible by tuning the mesogen-wall interaction.
We traced defect stability as a function of temperature using
MD simulations. Analysis of system trajectories establishes
that topological defects undergo fluctuations in position and
intensity, diminishing at low temperatures as expected.
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FIGURE 15. Snapshots for a 2D LC sample confined in circular
geometry. Mesogen colors denote orientation. Boundary color de-
notes anchoring: a) planar, and b) homeotropic. A detailed com-
parison of spatial arrangements and underlying dynamics of these
systems are reported in a previous study [65].

The behavior for planar and homeotropic anchoring of
the circularly-confined LC system is summarized in Fig. 15.
The ratio between the radial dimension of the boundary and
the mesogens comprising the sample affect the structures ob-
served [167,168]. In our case, the radial dimension of the
boundary leads to a two-defect structure in either case but is
distinct when considering the anchoring mode. For planar
anchoring, defects are localized on opposite ends of the con-
fining wall: the resulting state is a layered mesophase similar
to a smectic arrangement save the thin surface shells on oppo-
site ends, as seen in Fig. 15a). Under homeotropic anchoring,
the defects remain separated from one another but localized
away from the confining wall: the orientation induced by an-
choring is overcome by internal thermal fluctuations of the
system, as shown in Fig. 15b).

Molecular self-assembly and organization in 2D systems
pave the way to prepare planar scaffolds to fix colloidal par-
ticles according to the arrangement of defects in the con-
fined mesogenic sample [169-176]. The paradigm envis-
aged consists of preparing slabs of geometrically ordered col-
loidal substructures. In a subsequent step, 3D metamaterials
form by stacking the slabs. Practicable layer-by-layer pro-
tocols [177-192] have the potential to broaden the gamut of
materials attained by conventional 3D-based methods. Sur-
factant dispersions used to confine LC samples can be used
to encode spatial information leading to specific arrange-
ments [66,67]. Structured colloidal assemblies via topolog-
ical defects can impart screw/twist symmetry in colloidal
assemblies [193-196], thereby facilitating the production of
chiral materials. Switching dynamics controllable through
external fields (i.e., electric, magnetic, photonic, etc.) can be
integrated into these materials as an additional feature [197-
206]. Such an enhancement would be of particular interest in
the design of LC-based devices [199,203,207-210].

4. Conclusions

This brief review focused on heterogeneous mesogenic sys-
tems. We considered mixtures under these scenarios: (1) bi-
nary mixtures consisting of mesogens with different aspect

ratios, (2) colloidal inclusions immersed in a mesogenic sol-
vent, and (3) LC samples confined by a boundary of Lennard-
Jones particles. The Gay-Berne representation is used as a
coarse-grained representation of mesogenic molecules in all
cases.

One system of interest, particularly tied to the fabrication
of metamaterials, is that of nematic colloids. Samples con-
sist of colloidal inclusions immersed in a mesogenic solvent.
Such inclusions disturb the orientational order of the nematic
mesophase resulting in the formation of topological defects.
On a physical basis, this effect materializes due to molecular
anisotropy: we focused here on calamitic and discotic cases.
The sensitive response of LC samples to topological defects
has been exploited in many sensor-based technologies. The
type of defects observed depends on the anchoring mode of
a colloidal surface. Homeotropic anchoring leads to the for-
mation of a Saturn ring around the colloidal inclusion. Planar
anchoring yields boojums. The computational model used in
this work involves extending the classical Lennard-Jones in-
teraction to account for a mixture of spherical (colloids) and
anisotropic (mesogenic) particles.

Topological defects arising from inclusions in a meso-
genic solvent can couple with one another, providing an in-
teresting platform to induce the self-organization of colloidal
units into specific patterns. In our studies, we considered the
simplest of cases: a nonbonded dyad of colloids. The orienta-
tion between the intercolloid vector and the mesophase direc-
tor governs the coupling mode between topological defects.
In this study, we highlighted the case for homeotropic anchor-
ing in a discotic solvent. When the director and intercolloid
vector are in a perpendicular arrangement, the system yields
a triad of coupled Saturn rings: two parallel rings in which
their planes contain the intercolloid vector and a third “bridg-
ing” ring perpendicular to the other two rings, appearing in
the middle of the two colloidal inclusions. This arrangement
has the ability to produce strongly-coupled colloidal assem-
blies.

The dynamical response of topological defects under flow
was studied by leveraging the time evolution of ensemble tra-
jectories from MD simulations. The Ericksen numberEr

serves as a metric that takes into account solvent flow rate.
WhenEr is low, a topological defect remains unaffected. As
Er increases and reaches a threshold value, the topological
defect is displaced from the colloidal particle. At even higher
values ofEr, the defect detaches from the colloidal particle
and eventually vanishes.

Finally, we considered confined systems in two cases:
nanodroples and 2D cells. One important application con-
nected to spatially restricted samples is extending the range
of state points in which oriented mesophases are stable. An
additional point is that most LC-based devices make use of a
miniaturized implementation where finite-size effects are rel-
evant. For our study, we confined mesogenic samples using
Lennard-Jones particles. The type of anchoring at the bound-
ary dictates the internal configuration of the mesogenic sam-
ple, resulting in characteristic defects. Planar anchoring leads
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to a bipolar defect in droplets similar to the arrangement ob-
served in 2D samples. Homeotropic anchoring produces a
radial defect in droplets and an analogous form is observed
in the 2D system.

For each mixture explored in this review, we offered con-
cluding remarks highlighting how it contributes to molecular
organization, system dynamics, or self-assembly. Our pri-
mary goal was to highlight the rich mesophase behavior at-
tainable with LC mixtures. For instance, specific topolog-
ical defects can be tuned according to mesogen type, col-
loidal anchoring, or mode of confinement. In this way,
desirable material properties can be scoped through com-
puter simulations or via experiments after mapping a coarse-
grained representation to a realizable chemical system. Many
examples can be found in the literature in which theo-
retical and computational models have experimental coun-
terparts [8,10,24,25,33,80,176,211-231]. Although proto-
cols for self-assembly or molecular organization are beyond

the scope of this review, we centered our discussion on
mesophase behavior to pique the reader’s interest in LC-
based metamaterials. The tools we developed for the systems
highlighted in this review allow us to model and character-
ize LC systems of increasing complexity. The systems refer-
enced here comprise a token of the range of possibilities for
future work on LC materials.
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Reconfigurable knots and links in chiral nematic colloids.Sci-
ence. 333pp. 62-65 (2011)

26. Lubensky, T., Pettey, D., Currier, N. and Stark, H. Topological
defects and interactions in nematic emulsions.Phys. Rev. E. 57,
610-625 (1998)

27. Loudet, J., Barois, P. and Poulin, P. Colloidal ordering from
phase separation in a liquid-crystalline continuous phase.Na-
ture. 407pp. 611-613 (2000)

28. Wang, X., Miller, D., Bukusoglu, E., De Pablo, J. and Abbott,
N. Topological defects in liquid crystals as templates for molec-
ular self-assembly.Nat. Mater.. 15pp. 106-112 (2016)

29. Smalyukh, I., Lavrentovich, O., Kuzmin, A., Kachynski, A.
and Prasad, P. Elasticity-mediated self-organization and col-
loidal interactions of solid spheres with tangential anchoring in
a nematic liquid crystal.Phys. Rev. Lett.. 95pp. 157801-157804
(2005)

30. Gharbi, M., Nobili, M. and Blanc, C. Use of topological defects
as templates to direct assembly of colloidal particles at nematic
interfaces.J. Colloid Interface Sci.. 417pp. 250-255 (2014)

31. Pandey, M.,et al. Self-assembly of skyrmion-dressed chiral
nematic colloids with tangential anchoring.Phys. Rev. E. 89,
060502 (2014)

32. Kim, J., Yoneya, M. and Yokoyama, H. Tristable nematic
liquid-crystal device using micropatterned surface alignment.
Nature. 420, 159-162 (2002)

33. Sluckin, T., Dunmur, D. and Stegemeyer, H. Crystals that Flow.
(Taylor, 2004)

34. Onsager, L. The effects of shape on the interaction of colloidal
particles.Ann. N. Y. Acad. Sci.. 51, 627-659 (1949)

35. Oster, G. Two-phase formation in solutions of tobacco mosaic
virus and the problem of long-range forces.J. Gen. Physiol..
33, 445-473 (1950)

36. Stephen, M. and Straley, J. Physics of liquid crystals.Rev. Mod.
Phys.. 46, 617 (1974)

37. Khoo, I. Liquid Crystals. (John Wiley,2007)

38. Sergeyev, S., Pisula, W. and Geerts, Y. Discotic liquid crystals:
a new generation of organic semiconductors.Chem. Soc. Rev..
36, 1902-1929 (2007)

39. Jákli, A., Lavrentovich, O. and Selinger, J. Physics of liquid
crystals of bent-shaped molecules.Rev. Mod. Phys.. 90, 045004
(2018)

40. Huggins, M. Thermodynamic properties of solutions of long-
chain compounds.Ann. N. Y. Acad. Sci.. 43, 1-32 (1942)

41. Miguel, E., Rull, L., Chalam, M. and Gubbins, K. Liquid-
vapour coexistence of the Gay-Berne fluid by Gibbs-ensemble
simulation.Mol. Phys.. 71, 1223-1231 (1990)

42. Miguel, E., Rull, L., Chalam, M., Gubbins, K. and Swol, F.
Location of the isotropic-nematic transition in the Gay-Berne
model.Mol. Phys.. 72, 593-605 (1991)

43. Bates, M. and Luckhurst, G. Computer simulation studies of
anisotropic systems. XXX. The phase behavior and structure of
a Gay-Berne mesogen.J. Chem. Phys.. 110, 7087-7108 (1999)

44. Adams, D., Luckhurst, G. and Phippen, R. Computer simu-
lation studies of anisotropic systems: XVII. The Gay-Berne
model nematogen.Mol. Phys.. 61, 1575-1580 (1987)

45. Luckhurst, G. and Simmonds, P. Computer simulation studies
of anisotropic systems: XXI. Parametrization of the Gay-Berne
potential for model mesogens.Mol. Phys.. 80, 233-252 (1993)

46. Berardi, R., Emerson, A., Luckhurst, G. and Whatling, S. Com-
puter simulation studies of anisotropic systems: XXIII. The
Gay-Berne discogen.Mol. Phys.. 82, 113-124 (1994)

47. Miguel, E., Rio, E., Brown, J. and Allen, M. Effect of the attrac-
tive interactions on the phase behavior of the Gay-Berne liquid
crystal model.J. Chem. Phys.. 105, 4234-4249 (1996)

48. Hashim, R., Luckhurst, G. and Romano, S. Computer-
simulation studies of anisotropic systems. Part XXIV. Constant-
pressure investigations of the smectic B phase of the Gay-Berne
mesogen.J. Chem. Soc. Faraday Trans.. 91, 2141-2148 (1995)

49. Miguel, E. and Vega, C. The global phase diagram of the Gay-
Berne model.J. Chem. Phys.. 117, 6313-6322 (2002)

50. Velasco, E., Somoza, A. and Mederos, L. Liquid-crystal phase
diagram of the Gay-Berne fluid by perturbation theory.J. Chem.
Phys.. 102, 8107-8113 (1995)

51. Velasco, E. and Mederos, L. A theory for the liquid-crystalline
phase behavior of the Gay-Berne model.J. Chem. Phys.. 109,
2361-2370 (1998)

52. Gay, J. and Berne, B. Modification of the overlap potential to
mimic a linear site-site potential.J. Chem. Phys.. 74, 3316-3319
(1981)

53. Bates, M. and Luckhurst, G. Determination of the Maier-Saupe
strength parameter from dielectric relaxation experiments: a
molecular dynamics simulation study.Mol. Phys.. 99, 1365-
1371 (2001)

54. Bates, M. and Luckhurst, G. X-ray scattering patterns of model
liquid crystals from computer simulation: Calculation and anal-
ysis.J. Chem. Phys.. 118, 6605-6614 (2003)
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65. A. Caldeŕon-Alcaraz, et. al. Bidimensional Gay-Berne
Calamitic Fluid: Structure and Phase Behavior in Bulk and
Strongly Confined Systems.Front. Phys.. 8 pp. 668 (2021)

66. Moreno-Razo, J., Sambriski, E., Abbott, N., Hernández-Ortiz,
J. and Pablo, J. Liquid-crystal-mediated self-assembly at nan-
odroplet interfaces.Nature. 485, 86-89 (2012)

67. Moreno-Razo, J., D́ıaz-Herrera, E. and Klapp, S. Fractionation
in Gay-Berne liquid crystal mixtures.Phys. Rev. E Stat. Nonlin.
Soft Matter Phys.. 76, 041703 (2007)

68. Collings, P. Liquid Crystals: Nature’s Delicate Phase of Matter.
(Princeton University Press,2002)

69. Stark, H. Physics of colloidal dispersions in nematic liquid
crystals.Phys. Rep.. 351, 387-474 (2001)

70. Terentjev, E. Topological Aspects of Liquid Crystalline
Colloids-Equilibria and Dynamics.Modern Aspects Of Col-
loidal Dispersions. pp. 257-267 (1998)

71. Poulin, P. and Weitz, D. Inverted and multiple nematic emul-
sions.Phys. Rev. E. 57, 626-637 (1998,1)
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80. Igor Muševǐc and MihaŠkarabot. Self-assembly of nematic
colloids.Soft Matter. 4, 195-199 (2008)
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148. Bezíc, J. anďZumer, S. Chiral nematic liquid crystals in cylin-
drical cavities. A classification of planar structures and models
of non-singular disclination lines.Liq. Cryst.. 14, 1695-1713
(1993)

149. Ondris-Crawford, R., Ambrǒzič, M., Doane, J. anďZumer, S.
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layer-by-layer multilayer films of colloidal particles.Appl. Surf.
Sci.. 332pp. 318-327 (1999)

187. Ariga, K., Hill, J. and Ji, Q. Layer-by-layer assembly as a ver-
satile bottom-up nanofabrication technique for exploratory re-
search and realistic application.Phys. Chem. Chem. Phys.. 9,
2319-2340 (2007)

188. Tian, W., VahidMohammadi, A. and And, Z. Layer-by-layer
self-assembly of pillared two-dimensional multilayers.Nat.
Commun.. 10pp. 2558 (2019)

189. Santos, A., Pereira, I., Ferreira, C., Veiga, F. and Fakhrullin,
R. Chapter 1.4 - Layer-by-Layer Assembly for Nanoarchitec-
tonics.Advanced Supramolecular Nanoarchitectonics. pp. 89-
121 (2019)

190. Zhao, S.,et al. The Future of Layer-by-Layer Assembly: A
Tribute to ACS Nano Associate Editor Helmuth MÃ¶hwald.
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